Abstract-A virtual transducer forming technique has been developed
I. INTRODUCTION
Tele-operated systems are used for remote working in hazardous environments like radioactive, biologically contaminated and toxic confines. Operations can be for part manipulation or probing of specimen. Such systems employ a slave robot arm in active workspace for reproducing the motions that are performed on another arm of similar type by the operator located at safe location. Conventional tele-control systems rely on kinesthetic feedback [1] . The ability to feel remote environment at master is dependent on transparency but has an associated problem of stability of system [2] . Such system work in two major regimes of workspace interactions namely 'in free space' and 'in part contact'. For the later regime, transparency is created by using instrumented grasp subsystems capable of tactile sensing in gripper and rebuilding them on master side. In 'free space regime' no tactile feedback is available and generally bilateral control give self dynamics based feedback [3] [4] . Intelligent transducer can play useful role here. Generally the operator perceives the remote state through visuals only and hits are assessed by human intelligence using vision support [5] and virtual reality [6] . If a sensing method is devised to create 'closeness perception' for the remote robot end-effector 'REE' then operator can have better feel of remote environment and even feel an impending hit. In 'tele-probing' involving surface scan of remote located specimen by contact or near contact type sensors like ultrasonic flaw detectors and eddy-current probes, perception of proximity is highly desired in 'nearcontact' state as it does not generate any reaction feedback owing to REE's non contact condition. The objective of this work is to develop a 'transduction method' that offers perceivable forms of feedback generation at operator end. Proximity alone is not sufficient parameter to formulate perception and dynamics of REE plays an important role.
II. RELATED WORK "Virtual fixture" refers to a general class of guidance modes [7] [8] that help a robotic manipulator perform a task by limiting its movement into restricted regions and/or influencing its movement along desired paths and prohibit the motion of a robot manipulator into forbidden regions of geometric or configuration space. Spring action have been proposed [9] [10] but they are not passive and tend to react on stationary state REE too.
Virtual fixtures have limitations. These introduce abrupt changes in machine response and have been treated as hyper plane in software domain for simulation environments serving for operator training. Though, with some specific adaptation, this approach has been applied for on-line force feedback [11] to develop perception of approaching software configured barrier parts, limitations in fixture shaping arising from consideration of real-time computation burden, lack of framework for their integration into a tele-managed system, and absence of system assisted or automated method of implementation have restricted their use in training applications where it serves as safety curtain to avoid damage from wrong operator action.
III A NEW APPPROACH
The desired method must permit motion through it to permit the Robot End Effecter 'REE' to reach a part in impact constrained manner by enabling human operator with appropriate perception while working in 'man-in-loop' type operating scenario. The method must be automation savvy and should avoid introducing instability in control loop by ensuring passive nature, wherein a 'zero' REE motion results in null forces on operator side. The general bilateral control for tele-manipulator is complicated and passivity of system needs to be ensured [12] [13] . An economical operator support method can be developed by a 'virtual transducer' for slave arms working in CAD modelled workspace, as location of the probe in Figure 1 . Feedback developer remote workspace can be determined using kinematic model of the robot and dynamics can be assessed from commands flowing to the slave that define the slave state ( fig.1 ). The proposed transducer develops response parameter 'RP' by using modeled impedance on the robotic arm's approach to a part based on the on-line computed parameters. The transducer is expected to meet several criteria depending on the type of the object REE is in vicinity of.
A. DESIRED TRANSDUCER BEHAVIOR FOR APPROACHABLE OBJECTS-
An approachable body in workspace opposes REE motion towards it in a manner depicted in figure 2. V is velocity of approach towards the approachable body and F represents response parameter 'RP' which mostly is implied as opposition force to the REE but in some Higher the FEE velocity towards the approachable body higher is the discouragement to the REE operator at master end. This also implies that an approachable body can be reached by REE at very slow speed. It is equivalent to gently touching without impact and is desirable.
B. DESIRABLE BEHAVIOR FOR UNAPPROACHABLE OBJECTS
Unlike an approachable body an unapproachable body must not allow contact at all. An REE reaching with low velocity too must find high opposition and transducer response must match it. FEE move in close vicinity (red zone in figures 2d,2e,2f) develops a high 'RP' irrespective of approaching REE velocity. It is important to note that 'RP' may be used to generate a real opposing force in some implementation and an operator moving the REE with high velocity will suddenly face high opposition force giving him / her no time to respond as the reaction may be shocking. This must be avoided else control may turn unstable. The close vicinity zone must have a preceding zone that opposes fast approaching REE. The faster REE sees higher 'F' similar to that faced in red zone ( fig.2f ). Operator is dissuaded at such high speed. He has to slowdown for 'F' to yield and permit move towards body. Consequently a slowed down motion prepares operator to face high 'F' at contact. It also minimizes impact on contact.
C. NEED FOR POSITION SENSITIVITY IN MODEL
A more desirable characteristic of the transducer is shown in figure 3 . This behavior has increasing opposition as REE reaches closer to the object. It can simultaneously make the opposing force 'F' dependant on nearness to tail of cylinder end, so can serve the dual purpose of supporting creation of a tactile feel of proximity 
Where ∆P is pressure difference between two sides of the piston, Q' is volume flow rate through pipe and R is flow resistance of the pipe. F can be rewritten as For computation (7) 'n' reduces from a maximum integer value in an implementation to 1 as the piston progresses. Figure 5E shows complete behavior of 'F' for a constant velocity ' ' of piston. The model enhances properties of single pass loop back cylinder by adding the and the property can be used to ensure reaching body without high impact.
(ii) Touch Inhibition by transducer :
If the end of cylinder is reached then it faces rigid obstruction. The same effect can be achieved by adding an attribute in software implementation that assigns 'F' a preset high value without using computation (7) of model. The model is then complete with all requirements indicated in figure 2f.
C. MODELED TRANSDUCER'S FUNCTION:
The model can be imagined as an arrangement placed with the close-end of cylinder touching the specimen part and the axis of cylinder aligned with normal to the surface ( fig.   6a ). A REE approaching the specimen has to push the piston to reach the body surface. Such an arrangement achieves velocity based opposition to REE move in neighborhood of body. It hinders move along 'II'in figure 6b, which has high velocity, but permits approach at a very low speed reducing risk of damage by REE impact as evident for move along path 'I'. This behavior is important for probing tasks where the REE carrying the sensor-head has to work in close neighborhood of the specimen and touch it too. 'F' computed by (7) is treated as 'RP' for developing perceivable effect to operator. The stepped variations (9) in m is In run time the REE position is computed from the kinematics model using the present joint parameters being followed by slave arm. This being the REE position in workspace, corresponding value is identified and retrieved from stored property data. The probe velocity ' ' is computed from discrete time stamped positions at time intervals or from velocity sensors on slave robot arm, applicable F i.e. 'RP' is computed by (7) . RP is converted in physical form by using servo motor operating in current control mode [15] [16] [17] . Since it produces controlled torque , it offers force-feel on active joystick AJS as opposition. 
(i) Stable characteristic and low inertia
For large force on hand by AJS, geared configurations too can be used. But friction in gear introduces nonlinearity. Friction being highly unstable phenomena owing to it's dependence on lubrication that changes with working temperature and the long term variation in organic characteristics like viscosity and layer adherence on metal surfaces, is impossible to model accurately. In addition the inertia in gearbox introduces a delay in response generation on operator's hand. This is highly detrimental in present scenario as the REE in close vicinity of object has high sensitivity of force generation and operator may be considerably off the mark in sensing the synthesized reaction. The gear must be low back lash type in construction else it introduces a dead band in operator input around '0' condition in operator input which occurs in condition of restart. It is dealt with in a later section. Experiments in this work have used non-geared configuration.
(
ii) Compactness and energy efficiency
Operator interface in real systems need to generate high force-feedback only at contact with unapproachable object as an unusual condition. The infrequent need for high force on operator hand is met by using torque controlled motors with moderate continuous duty rating but intermittent high (up to 300%) torque delivery ( fig.9a,10a) . The motor and controller combination should be energy efficient [18] [19] [20] for ensuring compactness and achieving low inertia of overall assembly.
(iii) Tunable force exertion
For RP conversion to 'force-on hand' , the servo motor and controller combination is 
(iv) The experimental Active Joystick 'AJS'
Active joystick (AJS) has been formed using 100 W motor on axis and 400 W motor on axis. Though axis has increased inertia relative to 100 W motor, it is less than that of a motor-gear combination and has zero back lash thus eliminating all problems attributed to geared-axes . Axes are adequately counter -balanced. As a consequence the force felt by 
A. RESPONSE PARAMETER 'RP' GENERATION:
In the experiments, slave motor (5DOF robot) worked on velocity control mode. Velocity control signal to the controller was formed by 14 bit accuracy D/A output and updated at 100 Hz. Shaft encoder tracking was achieved by the slave joint controller and time stamped position was acquired. For high speed approaches, the object surface was used as data coded limit and real object was removed for avoiding inadvertent damage during experiments, .
(i) Regular size 'G' based model
The probe robot arm was moved along a fixed 'Y' at different constant velocities which were sensed by the robot joint sensors in real time. The 'F' values generated by the model are shown in figure 13 . 'RP' developed by the system for same conditions but constant accelerations and constant deceleration are shown in figure 13b and 13c. Figure 13 'RP' generated at different seeds of REE for transducer model coded as per (10) (
ii) Effect of variation of 'gap' between bypasses
The parameter 'G' i.e. gap( fig.5a ) is mapped as 'k' (integer) numbers of voxel of length 'Vx'. Therefore 'k' is scale factor between real workspace and model. For k=2, fluid resistance forms an array that appears as
The profile is depicted by different color code in figure (14 a) and is repeated for a set of Y values for facilitating single axis motion along X axis. If value of gap 'G' is reduced then 'k' reduces. Lowest value can be k =1. The coding is shown in figure 10a and effect is depicted in figure 11b . The advantage of narrow gap is evident in closer vicinity where a responsive operator reduces speed causing REE slowing down but bypasses being nearer still senses slowdown owing to frequent change of rather than change of 'v' which may not be appreciable over short travel. An interesting way of enhancing closeness perception is to have gap 'G' of different sizes. At periphery of vicinity G can be longer and close to object it can be reduced. For such case the m coding for the same part is as shown in figure 14b . The resulting 'RP' is shown in figure 16c . As REE approaches closer to the object the transducer produces more frequent 'RP' change giving feel of increasing proximity by increasing frequency of step changes on AJS. The AJS produces stepped force opposing operator hand which increases in magnitude with advance of REE towards object. For higher velocity of approach, at same relative distances from object surface it produces higher force magnitude step. On frequency scale the faster move generates increasing frequency of steps. A design with lower G near cylinder end offers relatively faster step occurrence at low velocity too and enhances perception of approach to object more effectively.
ii) Performance for un-approachable part
An unapproachable part is modeled by coding the last layer adjacent to a part (red in figure 17a ) with an additional attribute whose effect is to consider 'F' as a predetermined high value rather than as computed by (7). The m coding for unapproachable part along with blocking layer and F generated for it appear in figure 17a and 17b. Note that such block may cause shock on AJS for fast move but the preceding high opposition by AJS actually prepares the operator for the situation. For a slow move stepped force at block is manageable.
Progressively reducing G in design can restore frequency based feel for slow speed too. The 'RP' in experiments produced perceivable opposition force to operator's hand placed at nominal distance of 75 mm from rotation axes in manner expected using M 1 on 100% dynamic torque range for approachable objects. For non approachable objects, rigid opposition at conditions equivalent to body contact was not felt adequate at operator's hand using M 1 . Operator, if not cautious can force through the opposition. However using M 2 , perceivable rigid opposition could be formed within 88% of torque range. For constant speed move, generated by computer controlled servo, appreciable stepped changes in force were produced for low speeds when high torque gains were set. But for speeds above 0.3 m/sec.
force was high enough to push back inexperienced operator. Response parameter developed here works well (table 1). Individual's sensitivity being different, range tuning is desirable. The participating experimenters were permitted to set 'RP to force ratio' by adjusting torque gain of M1or M2 as per their sensitivity. All experimenters perceived the approach phenomenon in spite of not being allowed to see the robot and workspace
VI IMPROVEMENT OF OPERATING INTERFACE
The RP maintains passivity in operator controlled motion loop as stopping motion causes F=0 condition and operator can hold the robot at place in vicinity of a part. However the operator should continue to perceive vicinity in some way else sudden motion can be initiated by him/her in absence of vicinity feel and in systems having limited bandwidth for feedback, contact with considerable mechanical impact can occur. The AJS formed for converting RP to real force perception using toque motor may have a drawback. For developing significant force on operator hand the torque motor needs to be bigger and hence result in low or at best moderate bandwidth of the force conversion from RP. Solution lies in using in an ingenious way to form multimode interface at master.
Motivated by multimode interface [28] we form it by feeding tones to a audio speaker based on ( figure 13 ). While the RP is used for developing opposing torque by AJS, dependent variable frequency audio tone makes the operator aware of relative closeness to the object even when REE is kept standstill by operator. The model is predominantly software implemented and so is highly amenable to automated formation for complex workspaces created by CAD modeled objects. Automated formation has been addressed [29] by imparting motion resistance property in the surrounding space around the modeled version of the real object. This gives a strong sense of relative object approach which is more effective than vision based approaches as a view by itself needs to be augmented with contextual interpretation aid [30] [31] . Verification of the method is possible by using a laboratory version slave robot instrumented without interconnect encumbrance similar to that devised for wireless monitoring of utilities [32] as the wireless sensor networks are evolving with better functionality [33] . The transduction method developed here can also work with interfaces such as the electro-hydraulic type actuators [34] for heavy duty applications. Though the audio feedback is produced in different perception domain, fusion of effects happens in operator brain and the perception is effectively enhanced. The method is attractive for tele-managed probing as well as operator training systems for tele-control.
